É apresentado um modelo para quantificação de fontes e deposição de espécies nutrientes que contribuem com a formação e concentração do aerossol atmosférico. Para este procedimento foram utilizadas ferramentas estatísticas como: a análise de componentes principais (PCA) e análise de regressão linear múltipla (MLRA) associadas a modelos de deposição de partículas segregadas por tamanho. Em região rural do sudeste do Brasil, a queima de biomassa, produtos de reações secundárias, e re-suspensão de poeira do solo possibilitaram explicar 43%, 31% e 21% da massa do MP 2.5 , respectivamente. A re-suspensão de poeira e a queima de biomassa contribuíram com 22% e 19%, respectivamente, da massa do MP 10 . A re-suspensão possibilitou explicar cerca da metade da massa das partículas grossas. Cerca de 40% de NO 3 --N, 20% de fósforo e 55% de potássio depositados tem origem nas emissões relacionadas com a agricultura. Atualmente a deposição sobre a floresta tropical é aumentada pelos fatores de 12.2 (N), 6.2 (P) e 2.6 (K) com relação a aqueles que existiam nas condições naturais do passado.
Introduction
On a global scale, the atmosphere is the main source of nutrient inputs to terrestrial and aquatic biomes, with dry and wet deposition contributing roughly equal proportions. Although there are numerically few gaseous nutrient species in the atmosphere (the most important are forms of nitrogen, sulphur and chlorine), all of the nutrients required for plant growth can be found within atmospheric aerosols. However, unlike many trace gases, which are quickly removed from the atmosphere by reaction and deposition, aerosols may be transported over greater distances, allowing for wider geographical dispersal of nutrients prior to deposition. 1 The mix and chemical state of nutrients within these particles reflects the mechanisms by which particles are released into, or formed within, the atmosphere. For example, re-suspension of surface dusts and soils generates coarse mineral particles, combustion processes emit fine aerosols composed of a complex mixture of inorganic and organic components, and particulate sulphates are produced by oxidation of sulphur dioxide. Scavenging of gases by pre-existing particles, followed by reactions in the liquid phase or on surfaces, is a source of nitrates, while reduced nitrogen in aerosols is produced by neutralization of acid species by reaction with ammonia or amines.
Greater use of fuels in industrial, transport and domestic applications, and of fertilizers in agriculture, has increased emissions to the atmosphere of all of the major and minor nutrients. Of especial significance is the increased contribution of deposition, relative to biological fixation, as a source of bio-available nitrogen. 5 Although deposition is an integral component of the biogeochemical cycling of elements, increased nutrient inputs in polluted regions can cause ecosystem acidification, eutrophication and reduced species diversity. 2 Although some studies have suggested that stimulation of more rapid plant growth could increase removal of carbon dioxide from the atmosphere, 3 potentially partially offsetting increased anthropogenic emissions of the gas, results are not consistent and the opposite effect (increased carbon dioxide emissions from soils, given higher nutrient inputs) has also been reported. 4 Information is scarce concerning the role of the atmosphere in nutrient transport in the tropics and subtropics, especially concerning aerosols. The present work was conducted in a rural region of southeast Brazil, where economic activity is largely based on sugar cane production and its associated industries, seasonally responsible for widespread atmospheric pollution. Brazil is the global leader in sugar cane cultivation, with a (2005) production of 420 Mt, equating to 34% of the global harvest, from a planted area of 60,000 km 
Experimental

Sampling and analysis
Measurements were made in the municipality of Araraquara, which is centrally located within the main sugar cane growing region of São Paulo State (Figure 1 ). Equipment was positioned on a well-ventilated rooftop, ca. 25 m a.g.l., on the Araraquara campus of the State University of São Paulo (48º 10' W, 21º 47' S, 664 m a.s.l.).
Between June 2003 and May 2004, particles smaller than 2.5 μm diameter (PM 2.5 ), as well as those in the size interval between 2.5 μm and ca. 15 μm, were collected on a daily basis (24 h samples) using a stacked filter unit, and particles smaller than 10 μm (PM 10 ) were collected onto Teflon filters in separate samplers fitted with a small inlet impactor to eliminate particles larger than 10 mm. Aerosols were also collected onto Teflon filters in twelve size fractions, using a Micro-Orifice Uniform Deposit Impactor (MSP Corporation, USA). The impactor was operated once per month, for a continuous period of 7 days, during the last week of each month.
Particulate mass concentrations were determined by weighing filters before and after sample collection, using a Mettler Toledo AX26 microbalance accurate to 1 μg, in accordance with international protocol ISO/CD 2+ and Ca 2+ were analyzed in aqueous extracts of the impactor substrates and filters, using ion chromatography. 8 Determination of carbonaceous species was based on a reflectance method, 9 which assumed elemental carbon (EC) to be the principal light-absorbing particulate species present in ambient air. 10 A Sunset Laboratory Carbon Analyzer (Model 4L) was used to determine the relative concentrations of elemental and organic carbon (OC). The mass and chemical composition of coarse particles (PM >10 ) were determined as the difference between values for PM 10 and the sum of the two size fractions collected by the stacked filter sampler.
Source apportionment procedure
Identification and quantification of aerosol sources was achieved using principal component analysis (PCA) followed by multiple linear regression analysis (MLRA) of the 24 h sample data (n = 266). All statistical procedures were performed using SPSS for Windows v. 12.0. The data were initially screened, with any concentrations below detection limit being replaced by zero values, and extreme outliers removed (fewer than 5% replacements in all cases). The principal component extraction method employed orthogonal (Varimax) rotational transformation.
Dry deposition flux estimates
Dry deposition fluxes were determined by integrating the measured atmospheric concentrations, corresponding to the material collected on each impactor stage, with a mean modeled dry deposition velocity (V d ) for each size fraction. The dependence of V d on surface roughness length, according to particle size and atmospheric stability conditions, has been described previously, 11, 12 and mean values from the earlier work, corresponding to a mixed crops land use category (LUC) and assuming equal periods of stable and unstable conditions, were used here. Recalculation of V d to adjust for other LUCs was performed by incorporating the sensitivity to roughness length (z 0 ). 13 The selected surface types were typical of southeastern Brazil, and included crops, forest, pasture and water.
Anthropogenic component of aerosol dry deposition
The magnitude of the increase in aerosol nutrient deposition due to current human activity was determined by considering the difference between the measured atmospheric concentrations, and estimated minimum background concentrations. The latter were based on wet season data reported for Serra do Navio, a remote location in northeastern Brazil.
14 It is not possible to determine natural background aerosol concentrations in Brazil during the dry season, due to the extensive anthropogenic emissions at this time, especially from biomass burning. Comparisons considered particles smaller than 2.0 μm diameter (PM 2.0 ) since this was the size fraction measured at Serra do Navio. PM 2.0 values for the São Paulo aerosol components were therefore calculated from the chemical component size distribution curves, and used to generate ratios between background and current concentrations. This ratio was then applied to all size fractions. 5-Day air mass back-trajectories, arriving at 00:00 UTC on each sampling day, 50 m a.g.l. at the Araraquara site, were calculated using the NOAA HYSPLIT ((HYbrid Single-Particle Lagrangian Integrated Trajectory) model. 15 The model used the GDAS meteorological dataset, which has a grid resolution of ca. 1 degree, and vertical motion calculation employed omega field (the HYSPLIT default).
Meteorological parameters
Detection of fires
Biomass burning is widely used as a management practice during the sugar cane harvest, between May and November. Two sources of biomass burning statistics for São Paulo State were used. The first employed the Moderate Resolution Imaging Spectroradiometers (MODIS) onboard NASA's Aqua and Terra satellites. Fire detection was based on the emission of mid-infrared radiation. 16 Each fire detection represented the centre of a 1 km pixel flagged as containing one or more actively burning fires within that pixel. The minimum fire size detectable by these satelliteborne sensors is influenced by many different variables (such as scan angle, biome, sun position, land surface temperature, cloud cover, amount of smoke and wind direction), but is normally ca. 1000 m 
Results and Discussion
Influence of air mass origin on aerosol composition
Results of trajectory analysis showed that, 5 days prior to arrival at the sampling site, air masses had originated over central and southern regions of the South American continent on 42%, and over the South and Mid-Atlantic Ocean on 22% of all measurement days. Approximately 25% of all air masses were classified as mixed, due to roughly equal residence times over the ocean and continent, and 10% had passed over the São Paulo metropolitan region before arrival. In order to identify any influence of air mass origin on aerosol concentrations, the dataset was divided into subgroups, with allocation to subgroup (i.e. oceanic, continental etc.) being determined by observation of the back trajectory of the air mass arriving at the site on each sample collection day.
For both dry and wet seasons, there were no statistically significant (ANOVA test, p >> 0.05) differences found between mean particle mass or chemical species concentrations calculated for data grouped according to air mass type, for either PM 2.5 or PM 10 . Particulate mass concentrations were higher during the dry (winter) season, irrespective of air mass origin, with dry / wet season concentration ratios in the range 1.6-3.4 (PM 2.5 ), 1.5-2.3 (PM 10 ), and 2.6-18.1 (coarse fraction). This can be explained by strong seasonality of biomass burning (reflected in high K + concentrations) and soil dust resuspension (high Ca 2+ ). During the dry season, mean concentrations of carbonaceous species and K + (both associated with biomass burning) were similar for all air mass types, and therefore were indicative of an even spatial distribution of biomass burning aerosol sources. Atmospheric aerosol concentrations were therefore governed mainly by regional factors.
Annual biomass burning cycle
Daily MODIS fire detection frequency for São Paulo State between June 2003 and May 2004 is shown in Figure  3 , together with data from the CPRN database for the municipality of Araraquara and for all of São Paulo State. Fires detected by MODIS increased from ca. 25 per day at the start of the sampling period, reaching a peak of ca. 250 per day in August and September, followed by a progressive decrease until mid-November, after which the daily fire frequency remained at ca.10-25 for the remainder of the measurement period.
The daily number of sugar cane fires in São Paulo State, as recorded by CPRN, remained at ca. 20 per day through June and into July, then increased to peak in August and September at ca. 1400 per day, followed by a decline in November and early December. between satellite overpasses or under cloud cover, and by its ability to detect all types of fire, including scrub burning and fires on waste ground.
Aerosol source apportionment
The combined masses of the measured chemical species accounted for 72.5%, 51.8% and 9.4% of the total masses of PM 2.5 , PM 10 and PM >10 , respectively ( Table 1 ). The unexplained portions of the masses contained material that was not measured, including silicates, carbonates, water and (PM >10 only) elemental and organic carbon. PCA analysis identified five components for all size fractions, which explained 90%, 90% and 95% of the total variance for PM 2.5 , PM 10 and PM >10 , respectively. Rotated component matrices are presented in All five of the source components identified by the PCA procedure were retained for MLRA. Rather than using component score variables, chemical components were selected as source indicators from the component loadings obtained by the PCA process. 17 EC was used as indicator for biomass burning, substituted by PO 4 3-for PM >10 since EC was not measured in coarse aerosols. For the secondary aerosol source category, the high loadings for NH 4 + indicated its suitability as a source indicator, in all size fractions. Ca 2+ was used as a marker for re-suspended materials. Cl -was selected for the gas scavenging source category (PM 2.5 fraction only), and Na + for the marine aerosol category. CH 3 COO -represented the biogenic category. MLRA with stepwise regression was then performed based on the resultant models describing the aerosol mass: Table 3 lists the regression coefficients, standardized beta coefficients (β), constants, and the adjusted r 2 values that indicate the fit of the model. The significance values of the t-statistics were below 0.05 for all regression coefficients, except for the gas scavenging component (Cl -) of the PM 2.5 regression model, for which a significance of 0.199 was obtained, and for the marine component (Na + ) of the PM 10 regression model, for which a significance of 0.069 was obtained. These components were therefore judged not significant, and were excluded from the model.
For the PM 2.5 size fraction, primary biomass burning material contributed 43%, secondary aerosols 31%, and re-suspended material 21% of the aerosol mass (Table 4) . Re-suspension and biomass burning contributed 22% and 19%, respectively, to the PM 10 mass. Re-suspension accounted for approximately half of the mass of PM >10 . Masses of PM 2.5 and PM >10 were slightly over-estimated, and the model could not account for approximately a third of the total PM 10 mass. Overall, these results showed that biomass burning and re-suspension of surface soils, both associated with large-scale agriculture, were the largest sources of aerosols in the study region.
Aerosol dry deposition fluxes
Dry deposition velocities of atmospheric aerosols are governed by the size of the particles as well as the nature of the surface onto which they are depositing, and are higher for very small particles, which diffuse rapidly to surfaces, and for large particles, which are removed by sedimentation. Both diffusion and sedimentation are inefficient for particles in an intermediate size range (around 0.1-1.0 μm). Hence, knowledge of the sizedistributed concentrations of aerosol chemical components is an essential prerequisite for deposition flux calculations. The size distributions of potassium, chloride, nitrate, sulphate and phosphate showed submicron and coarse mode peaks (Figure 4) . The submicron peaks reflect either emissions during biomass burning (potassium, chloride, phosphate) or secondary production (sulphate). The coarse mode peaks are either indicative of direct emissions of large particles (the only source of coarse mode phosphate), or of scavenging of gases such as NO x , HNO 3 , HCl and SO 2 onto existing particles. Sodium, magnesium and calcium were mainly present within large particles generated by physical processes. Ammonium and oxalate showed submicron peaks only, due to their formation as secondary aerosols within the atmosphere. For most of the measured species, calculated deposition rates were higher during the May to October dry season, than the November to April wet season. Although deposition fluxes of nitrate, potassium and phosphate were higher during the drier winter months (Figure 5 ), seasonal trends were not identical for all species. The relationship between deposition rate and biomass burning (Table 5 ) was most evident for potassium (r = 0.76, p < 0.01), which is directly emitted, and oxalate (r = 0.77, p < 0.01), which is generated by oxidation of hydrocarbons released during fires, with both species showing higher deposition rates during MayOctober. Nitrate showed a weaker relationship with fire frequency, suggesting the existence of sources additional to biomass burning (such as road transport). Phosphate deposition showed a winter peak in May, and consistently lower fluxes between August and December. Sub-micron and coarse modes in the phosphate size distribution could be explained by biomass combustion and re-suspension of fertilized soils, respectively. In contrast to other species, lack of seasonal trends in ammonium concentrations, and no correlation with fire frequency, can be explained by the existence of different sources of gaseous ammonia, having similar magnitudes during either winter or summer periods. During winter in this region, the main source of ammonia is biomass burning, while emissions from soils and wastes are predominant during summer. 18 Moderate correlations, with fire frequency, of sulphate (r = 0.55, p < 0.1), calcium (r = 0.59, p < 0.05) and magnesium (r = 0.58, p < 0.05) can be explained by the emission of SO 2 during combustion, and release of the mineral elements from soils and foliage during fires and vehicle movements in fields.
Deposition fluxes were highest to tropical forest and lowest to water and pasture surfaces, reflecting their different roughness lengths (Table 6 ). Trends in deposition to the different surfaces were similar, but not identical, for all species, due to their different size distributions. The existence of ammonium within sub-micron aerosols is reflected in a smaller ratio (3.9) between deposition fluxes to tropical forest and water, than obtained for nitrate (ratio of 8.2), a greater fraction of which is present within more rapidly deposited coarse aerosols. The combined dry deposition flux of particulate nitrate-N and ammonium-N to sugar cane plantations (0.37 kg N ha -1 yr perturbed conditions reflect the different atmospheric concentrations of the aerosol species. The values obtained for individual species reflect both differences in atmospheric concentrations and the size range of the particles within which they are found. Hence nitrate, which is mainly present in coarse particles, deposits at a much faster rate than either sulphate or ammonium, both of which are found mainly in slowly depositing fine aerosols. The particle size distributions of the principal nutrient species (N, P and K) were similar for all months of the year (Figure 7) . Hence, the contribution to annual deposition of these elements, from greater agricultural activity during the dry season, can be determined directly from monthly mean deposition rates, without need to correct for changes in size distribution. The mean deposition rates of ammonium, nitrate, phosphate and potassium during the period December through March (no sugar cane burning and diminished general activity) were subtracted from the means for all other months (April through November), during which burning occurred and the overall activity level increased. The resulting deposition rates (ng m -2 s -1 ) were converted to an annual equivalent rate (kg ha -1 yr -1
), and compared with the total annual deposition fluxes listed in Table 6 . Expressed as a percentage of the total annual flux, the incremental deposition (irrespective of surface type) due to dry season activity was 40 % (NO 3 --N), 20% (PO 4 3--P) and 55% (K + ). A small negative value (−4%) was obtained for NH 4 + -N, which can be explained by the existence of strong sources of NH 3 during both wet and dry seasons. This contrasts with N, P and K, for which strong emissions during the winter dry season were superimposed on seasonally constant emissions from other sources. Since fertilized soils and biomass burning are strong sources of NH 3 , it can be concluded that agricultural activity was also the major contributor to deposited NH 4 + -N. Agricultural practices were the principal source of potassium, and major sources of NO 3 --N and phosphorus. Since agricultural activity (including planting and fertilization) continued during the wet season, the above estimates for the dry 
Conclusions
The agriculture industry is the main source of atmospheric aerosols in rural areas of southeast Brazil. Biomass burning and re-suspension are the main contributors to atmospheric particle phase nutrients, and the spatial scale of these sources is regional in extent. No significant differences in aerosol concentrations were detected in air masses originating from different geographical sectors, which suggest that there was only a small contribution of long-range transported material. Although aerosol nutrient dry deposition in this region represents only a small fraction of crop fertilizer requirements in agricultural areas, compared to background conditions there has been a large increase in inputs to natural biomes. Reductions in atmospheric nutrient levels, and therefore inputs to sensitive ecosystems, as well as concomitant improvement of air quality associated with lower particulate loadings, could be achieved by controlling regional emissions. Current and future legislation, introduced by both federal and State governments in Brazil, is expected to increasingly restrict emissions from agricultural biomass burning; however greater mechanization of crop production techniques could increase rates of surface soil dust re-suspension, as well as combustion emissions (from machinery and transport vehicles). These changes will further affect aerosol chemical speciation, and hence nutrient deposition fluxes.
